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ABSTRACT: Knowledge of the molecular mecha-
nisms that regulate ovine adipogenesis is very limited. 
MicroRNAs (miRNA) have been reported as one of the 
regulatory mechanisms of adipogenesis. This study aimed 
to compare the expression of miRNA related to ovine adi-
pogenesis in different adipose depots and to investigate 
whether their expression is affected by dietary fatty acid 
composition. We also investigated the role of miRNA in 
adipogenic gene regulation. Subcutaneous and visceral 
adipose tissue samples were collected at slaughter from 
12 Canadian Arcott lambs fed a barley-based finishing 
diet where an algae meal (DHA-Gold; Schizochytrium 
spp.) replaced flax oil and barley grain at 0 or 3% DM 
(n = 6). Total RNA from each tissue was subjected to 
quantitative real time (qRT-) PCR analysis to determine 
the expression of 15 selected miRNA including 11 identi-
fied from bovine adipose tissues and 4 conserved between 
bovine and ovine species. MicroRNAs were differentially 
expressed according to diet in each tissue depot (miR-
142-5p and miR-376d) in visceral and miR-142-5p, miR-
92a, and miR-378 in subcutaneous adipose tissue; P ≤ 
0.05) and in each tissue depot depending on diet (miR-
101, miR-106, miR-136, miR-16b, miR-196a-1, miR-
2368*, miR-2454, miR-296, miR-376d, miR-378, and 
miR-92a in both control and DHA-G diets and miR-478 
in control; P ≤ 0.05). Six miRNA were subjected to func-
tional analysis and 3 genes of interest (ACSL1, PPARα, 
and C/EBPα) were validated by qRT-PCR. Both diet and 
tissue depot affected expression levels of all 3 genes (P < 
0.05). miR-101, miR-106, and miR-136 were negatively 
correlated with their respective predicted gene targets C/
EBPα, PPARα, and ACSL1 in subcutaneous adipose tis-
sue of lambs fed DHA-G. Yet miR-142-5p and miR-101 
showed no correlation with ACSL1 or C/EBPα. The vari-
ability in expression patterns of miRNA across adipose 
depots reflects the tissue specific nature of adipogenic 
regulation. Although the examined miRNA appear to be 
conserved across ruminant species, our results indicate 
the presence of ovine specific regulatory mechanisms that 
can be influenced by diet.
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INTRODUCTION
Understanding the molecular mechanisms that reg-
ulate ruminant adipogenesis is important for efficient 
animal production and development of desirable meat 
characteristics. Adipogenesis involves the differentia-
tion of preadipocytes or mesenchymal stem cells into 
mature adipocytes, with the ability to assimilate lipids 
(Romao et al., 2011). Recent molecular-based approach-
es have expanded our knowledge of the impact of diet in 
regulating bovine adipogenesis by examining effects on 
mRNA (Dahlman et al., 2005; Joseph et al., 2010) or mi-
croRNA (miRNA) expression in various adipose depots 
(Romao et al., 2012). These studies suggest the molecu-
lar mechanisms regulating bovine adipogenesis differ 
from those of humans (Esau et al., 2004), mice (Esau et 
al., 2006; Krutzfeldt et al., 2005), and pigs (Wang et al., 
2011), thus suggesting that although adipogenic miRNA 
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are conserved across species, the molecular mechanisms 
underlying their regulation are highly species specific (Jin 
et al., 2010; Romao et al., 2012).
MicroRNA are small (19–24 nucleotide [nt]) single-
stranded RNA that negatively regulate posttranscrip-
tional gene expression through the recognition of com-
plimentary sequences with their target genes (Krutzfeldt 
and Stoffel, 2006; Lee et al., 2006). A study by Parra 
et al. (2010) indicated that the regulation of adipogenic 
genes by miRNA can be influenced by dietary fatty acids 
(FA) in mice. With increasing knowledge of the health 
benefits of n-3 FA and their resultant inclusion in rumi-
nant diets, an understanding of how this dietary shift in-
fluences adipogenesis is warranted. The specific mecha-
nisms that regulate ovine adipogenesis have not yet been 
identified; however, we hypothesized that changes in the 
dietary FA composition would alter miRNA expression 
levels. As such, we examined the effect of DHA-Gold, 
an algal meal high in n-3 FA docosahexaenoic acid 
(DHA), on the expression of 15 miRNA in ovine sub-
cutaneous and visceral adipose tissues and identified the 
predicted gene targets they may regulate.
MATERIALS AND METHODS
Animal Study and Sample Collection
Experimental details for the animal study were 
reported in detail by Meale et al. (2014). Briefly, 12 
Canadian Arcott ewe and ram lambs, initial live weight 
20.3 ± 3.89 kg and aged 3 to 4 mo, were used in this 
experiment. These lambs were selected based on desir-
able daily DMI, ADG, and carcass characteristics from a 
total of 46 lambs used in the previously mentioned trial, 
such that there were an equal number of ewe and ram 
lambs per treatment (n = 3/treatment). Animals were 
housed individually and cared for in accordance with 
the guidelines of the Canadian Council on Animal Care 
(Olfert et al., 1993). The protocol was approved by the 
Lethbridge Research Centre Animal Care Committee 
(permit number 1135). Experimental diets (Table 1) 
were offered daily at 0900 h for 140 d with water con-
tinuously available. Orts were recorded weekly. Diets 
consisted of a barley-based finishing diet where an al-
gae meal (DHA-Gold, Schizochytrium spp.; Martek 
Biosciences Corporation, Columbia, MD) replaced flax 
oil and barley grain at 0 (control diet; Table 1) or 3% 
DM DHA-Gold (DHA-G; n = 6). Treatments were for-
mulated to be isolipidic according to Small Ruminant 
Nutrition System (Cannas et al., 2004; Table 2). Body 
weight, DMI, ADG, and carcass characteristics were 
determined throughout the trial and recorded elsewhere 
(Meale et al., 2014). Approximately 5 g of subcutaneous 
adipose tissue (SAT; back fat) and visceral adipose tis-
sue (PAT; perirenal fat) was excised from each animal 
at slaughter, immediately frozen in liquid nitrogen, and 
stored at –80°C until analyzed. Methodologies of lipid 
extraction, methylation, and determination of FA are de-
scribed in detail by Meale et al. (2014).
Ribonucleic Acid Extraction
Total RNA was extracted from adipose tissue 
samples by homogenizing with TRIzol; (TRI Reagent; 
Invitrogen, Carlsbad, CA) following the manufactur-
er’s instructions for high fat samples. The concentra-
tion of total RNA was determined using the NanoDrop 
spectrophotometer ND-1000 (Thermo Scientific, 
Waltham, MA) and RNA integrity was measured using 
the Agilent TapeStation 2200 (Agilent Technologies, 
Deutschland GmBH, Waldbronn, Germany). Samples 
with an RNA integrity number > 7.5 were subjected to 
quantitative real time (qRT-) PCR.
Selection of MicroRNA for quantitative  
real time-polymerase chain reaction
A total of 15 candidate miRNA were selected for 
expression analysis using qRT-PCR. Due to the limited 
Table 1. Ingredients and chemical composition of con-
trol and Quantitative real time-polymerase chain reac-
tion (DHA-G) diets
Item Control DHA-G
Ingredients, %
Barley, steam rolled 46.32 44.37
Oat hulls 10.0 10.0
Beet pulp 9.0 9.0
Beet molasses 2.50 2.50
Alfalfa hay (fine chop) 27.5 27.5
Calcium carbonate 1.80 1.80
Flax oil 1.05 0.00
DHA-G 0.00 3.00
Sheep mineral1 1.30 1.30
Feed pellet binder 0.50 0.50
Vitamins A, D, and E 0.025 0.025
Chemical composition
Dry matter, % 89.9 ± 1.69 91.2 ± 0.45
Crude protein, % DM 12.7 ± 0.35 13.6 ± 0.70
Neutral detergent fiber, % DM 25.9 ± 1.42 28.1 ± 1.26
Acid detergent fiber, % DM 19.4 ± 0.94 19.7 ± 0.46
Ether extract, % DM 6.2 ± 0.02 6.5 ± 0.08
NFC,2 % DM 44.3 ± 1.37 43.9 ± 1.24
Ash, % DM 9.4 ± 0.34 8.3 ± 0.38
1Sheep mineral consisted of salt (92.7%), Dynamate (5.0%; The Mosaic 
Company, Saskatchewan, Canada), zinc sulfate (0.9%), manganese sulfate 
(0.8%), canola oil (0.4%), and selenium premix (0.1%). Percentages are giv-
en on a DM basis.
2NFC, nonfibrous carbohydrates; NFC = 100 – (CP + NDF + EE + ash).
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number of ovine miRNA identified and with their roles 
largely unknown, this study used the miRNA previously 
reported to be expressed in bovine adipose tissues (us-
ing both microarray and qRT-PCR data; Romao et al., 
2012) as well as the information from the ovine miRNA 
database (miRbase 18; www.mirbase.org/) to identify 
potential candidates. The selection of candidates was 
based on the results of Romao et al. (2012), which ex-
amined the role of molecular regulation in bovine adi-
pogenesis. Considering the conserved nature of miRNA 
among mammalian species, we speculated that miRNA 
within ruminants would display a high degree of similar-
ity in terms of adipogenesis. Therefore, miRNA quanti-
fied by qRT-PCR in Romao et al. (2012) and involved in 
the regulation of bovine adipogenesis (miR-101, miR-
106, miR-142-5p, miR-16b, miR-196a-1, miR-196a-2, 
miR-19a, miR-2368*, miR-2454, miR-296, and miR-
92a) were examined in the current study, to investigate 
their potential role in ovine adipogenesis.
An additional 4 miRNA (miR-378, miR-376d, 
miR-487b, and miR-136) were selected by referencing 
known sequences of reported bovine (miRBase, version 
18) and ovine miRNA sequences identified by Barozai 
(2012), in conjunction with their altered expression ac-
cording to either diet or bovine adipose depot based 
on microarray data from Romao et al. (2012). Once 
a match was found, those with known involvement in 
adipogenesis (as determined by functional analysis) 
were selected for qRT-PCR analysis to determine their 
presence and expression in ovine adipose tissue.
MicroRNA Expressions by quantitative  
real time-polymerase chain reaction
The expression of 15 candidate miRNA (miR-101, 
miR-106, miR-136, miR-142-5p, miR-16b, miR-19a, 
miR-196a-1, miR-196a-2, miR-2368*, miR-2454, 
miR-296, miR-376d, miR-378, miR-487b, and miR-
92a) was determined using the TaqMan miRNA as-
say according to the manufacturer’s recommendations 
(Applied Biosystems, Foster City, CA). Briefly, cDNA 
were reverse transcribed from 10 ng of total RNA us-
ing 5x specific miRNA revers transcription primer 
and were amplified using a 20x TaqMan miRNA as-
say. Fluorescence signal was detected with an ABI 
StepOnePlus Real-Time PCR system detector (Applied 
Biosystems). A total of 24 samples from 4 different 
treatment combinations (2 diets × 2 tissue types) were 
used for qRT-PCR analysis, considering 6 biological 
replicates per group and 3 technical replicates per reac-
tion. Bta-miR-103a and Bta-miR-181a were analyzed 
by qRT-PCR for use as reference miRNA. Bta-miR-
103a was selected due to its stable expression among 
all lambs with respect to both tissue depots and diets.
MicroRNA Target Prediction  
and Functional Prediction Analysis
Of the 15 candidate miRNA, 6 were subjected to 
further analysis to predict the genes that they may pos-
sibly regulate. Each miRNA was submitted to the 
TargetScan Release 6.2 (www.targetscan.org), custom-
ized specifically for bovines as no ovine data was previ-
ously available in the database. The prediction results 
were ranked according to context scores and site conser-
vation (Garcia et al., 2011). The top 100 predictions for 
each miRNA were analyzed through Ingenuity Pathway 
Analysis (IPA; Ingenuity Systems; www.ingenuity.com) 
to identify genes expressed in adipose tissue. These 
genes were then subjected to an IPA Core Analysis to 
identify the function of their translation product. Right-
tailed Fisher’s exact test was used to calculate a P-value 
and determine the probability that each biological func-
tion assigned to that data set was due to chance.
Validation of MicroRNA Target Genes by  
quantitative real time-polymerase chain reaction
Three candidate mRNA were selected for quantifi-
cation via qRT-PCR. Each PCR reaction (20 μL) con-
sisted of 20 ng of template cDNA, 2x SYBR Green I 
Master Mix buffer (10 μL; Applied Biosystems), and 
300 nM forward and reverse primers. Fluorescence sig-
nal was detected with an ABI StepOnePlus Real-Time 
PCR detector (Applied Biosystems) using the follow-
ing reaction conditions: 2 min at 50°C, 10 min at 95°C, 
40 cycles of 15 s at 95°C, and 1 min at 60°C. A total 
of 24 samples from 4 different group combinations (2 
diets × 2 tissue types) were used for qRT-PCR analy-
sis, considering 6 biological replicates per group and 
3 technical replicates per reaction. Beta-actin was se-
lected as reference gene in this study due to its stable 
expression among all lambs across diets, as determined 
by qRT-PCR.
Table 2. Fatty acid profile of dietary treatments
Composition, g/100 g total FAME1 Control DHA-G2
18:0 3.02 1.77
18:2 c,c 29.57 34.45
18:3 27.04 10.78
20:5 n-3 (EPA) 0.25 0.31
22:6 n-3 (DHA) 0.21 15.02
PUFA 58.88 55.37
SFA 16.43 25.91
UFA 83.57 74.09
1FAME = fatty acid methyl esters; EPA = eicosapentaenoic acid; DHA = 
docosahexaenoic acid; UFA = Unsaturated fatty acids.
2DHA-G = DHA-Gold.
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Statistical Analysis
The miRNA expressions from qRT-PCR were test-
ed for normality and equal variances and analyzed us-
ing the proc MIXED procedure of SAS (SAS Inst. Inc., 
Cary, NC). Gender was not included in the statistical 
model due to the small number of animals used and 
our aim was not to examine the difference in effects 
between ewe and ram lambs. Linear relationships be-
tween key variables were tested using Pearson’s cor-
relation coefficients. The analysis was performed using 
SAS. Significance was declared at P < 0.05.
RESULTS
The effect of DHA supplementation on performance 
parameters, carcass traits, and FA profile of adipose tis-
sues has been previously described by Meale et al. (2014).
MicroRNA Expression
Expression of the 15 selected miRNA varied consid-
erably (P < 0.05) when compared across the 2 diets and 
tissue depots. The expression of miR-142-5p was 2.5-fold 
higher (P = 0.009) in SAT and 2.8-fold higher (P = 0.003) 
in PAT in lambs fed DHA-G than in those fed the control 
diet (Fig. 1). Expression of miR-92a, miR-378, and miR-
487 was 2.1-, 1.7-, and 1.7-fold higher (P ≤ 0.05), respec-
tively, in the control diet; however, this increase was only 
observed in SAT. Similarly, expression of miR-376d in 
PAT was 2.1-fold higher (P = 0.04) in the control diet than 
the DHA-G diet, yet no change was observed in SAT (P > 
0.05). Differential expression of miRNA in relation to tis-
sue depot was observed in 12 out of 15 selected miRNA 
(P < 0.05; Fig. 1). miR-16b and miR-101 expression was 
higher (P ≤ 0.005) in PAT compared to SAT (6.5-fold in 
control and 6.9-fold in DHA diet and 5.8-fold in control 
and 8.7-fold in DHA diet, respectively). The expression 
of 9 miRNA (miR-92a, miR-106, miR-136, miR-196a-1, 
miR-2368*, miR-2454, miR-378, miR-376d, and miR-
296) was higher (P < 0.05) in SAT than in PAT. Increases 
ranged from a low of 3.4-fold in the control diet and 2.0-
fold in the DHA diet for miR-196a-1 to a high of 27.1-
fold in control and 36.4-fold in the DHA diet for miR-
376d (Fig. 1). Expression of miR-196a-2 and miR-19a 
was unaffected by either diet or tissue depot (P > 0.05).
MicroRNA Predicted Targets  
and Functional Prediction Analysis
Functional analysis was conducted for the predict-
ed gene targets of the miRNA showing differences ei-
ther with diet (miR-142-5p and miR-478b) or between 
tissues (miR-101, miR-106, miR-136, and miR-378). A 
total of 89 bovine genes with functions related to lipid 
metabolism or adipogenesis were predicted to be targets 
of these 6 miRNA (Table S1). The number of predicted 
gene targets varied among the miRNA with a high of 36 
predicted for miR-106 and a low of 2 for miR-487b. The 
majority of gene targets (78 out of 89) were predicted to 
be regulated by only 1 miRNA, while 11 were predicted 
to be regulated by 2 miRNA. Functional analysis using 
IPA software identified the biological functions relevant 
to the 89 predicted target genes (Table 3). A total of 13 of 
these biological functions were related to adipogenesis 
or adipose tissue physiology, with 10 classified as related 
to lipid metabolism and 3 to connective tissue develop-
ment and function. Some functions were more prevalent 
than others; for example, differentiation of adipocytes 
accounted for 43.8% of the total predicted genes.
Expression of Predicted Target Genes
Of the 89 predicted target genes, 3 were selected for 
qRT-PCR analysis based on their roles in lipid metab-
olism and synthesis. These included acyl-CoA synthe-
tase long-chain family member 1 (ACSL1), periosome 
proliferator-activated receptor α (PPARα), and CCAAT/
enhancer-binding protein α (C/EBPα). Despite PPARγ 
being identified as a major regulator of adipogenesis, it 
has been reported that dietary DHA inclusion does not 
influence its expression (Chambrier et al., 2002; Sun et 
al., 2011). As such, we chose to examine PPARα, anoth-
er key regulator in adipogenesis (Georgiadi and Kersten, 
2012). The expression of all 3 genes was affected by 
diet (P ≤ 0.02) and tissue depot (P < 0.01; Fig. 2). With 
DHA-G supplementation, C/EBPα and PPARα were 
downregulated (P < 0.001) in SAT, whereas ACSL1 
was downregulated (P < 0.001) in both SAT and PAT. 
Changes in the expression of ASCL1 were 53.8-fold 
higher (P < 0.01) in the SAT of lambs fed DHA-G com-
pared to those fed the control diet (Fig. 2). However, 
the difference in expression of ACSL1 between lambs 
fed DHA-G versus control diets was only 1.6-fold in 
PAT (P = 0.015). Comparatively, the expression of all 3 
genes was downregulated in PAT as compared to SAT in 
lambs fed the control diet (P < 0.01; Fig. 2). Yet DHA-G 
at 3% DM upregulated expression of ACSL1, C/EBPα, 
and PPARα in SAT compared to PAT (P < 0.01).
Comparisons of miRNA expression to their predicted 
target mRNA revealed no correlation between miR-101 and 
its predicted target C/EBPα across fat depots or diets, yet 
a negative correlation was observed between PPARα and 
miR-101 in the SAT of lambs fed DHA-G (r = –0.602, P = 
0.014; Table 4). miR-106, miR-136, and miR-376d were 
negatively correlated with ACSL1, C/EBPα, and PPARα in 
SAT of lambs fed DHA-G (Table 4). miR-142-5p was neg-
atively correlated with PPARα in both fat depots of lambs 
fed the control diet (r = –0.769, SAT; r = –0.605, PAT [data 
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Figure 1. Expression of microRNAs (miRNA) by quantitative real time-polymerase chain reaction. MicroRNA expression is presented for the following 
treatments on the horizontal axis: control diet/subcutaneous adipose tissue (C/SAT), DHA-Gold diet/subcutaneous adipose tissue (DHA-G/SAT), control diet/
visceral adipose tissue (C/PAT), and DHA-Gold diet/visceral adipose tissue (DHA_G/PAT). a–cColumns with different letters differ significantly (P ≤ 0.05). Data 
are presented as mean ± SD. ΔCq = change in quantification cycle.
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not shown], P < 0.01), even though it was not a predicted 
target of miR-142-5p.
DISCUSSION
Several miRNA have been identified as regulators of 
adipocyte differentiation in cell cultures (Sun et al., 2009), 
in human adipose tissue (Esau et al., 2004), in fat bodies 
in flies (Teleman et al., 2006; Xu et al., 2003), and triglyc-
eride metabolism and cholesterol biosynthesis in the liver 
of mice (Esau et al., 2006; Krutzfeldt et al., 2005). Only 
recently has the molecular mechanisms of bovine adipo-
genesis in different adipose depots been investigated (Jin 
et al., 2010; Romao et al., 2012). However, the molecular 
mechanisms that regulate incorporation of FA into ovine 
adipose tissue, ovine adipogenesis, and lipid metabolism 
are unknown. To our knowledge, this is the first study to 
identify the role of miRNA in ovine adipose tissue and the 
effect altering DHA level in the diet has on the molecular 
regulation of ovine adipogenesis. Inclusion of only 3% 
of DM as DHA-G significantly altered the expression of 
several miRNA proposed to regulate genes involved in 
adipose tissue metabolism. Of the miRNA examined, ex-
pression of miR-142-5p exhibited the greatest change as 
result of inclusion of DHA-G in the diet with a 2.5- and 
2.8-fold increase in SAT and PAT, respectively. Although 
little is known about the role of miR-142-5p in adipogen-
esis, Jin et al. (2010) reported a correlation between back-
fat thickness and the expression of miR-142-5p in bovines 
whereby expression of miR-142-5p was downregulated in 
cattle with thicker subcutaneous fat. Conversely, Romao 
et al. (2012) observed no change (P = 0.171) in the thick-
ness of subcutaneous fat, despite the fact that miR-142-5p 
was upregulated in steers fed a high fat diet, suggesting 
that this miRNA may play a role in regulating the deposi-
tion of SAT, yet further studies are required to definitively 
identify the role of miR-142-5p in ruminants.
A recent study by Parra et al. (2010) showed that ma-
nipulating dietary FA composition through an increase 
in the concentration of conjugated linoleic acid impacted 
miRNA expression in retroperitoneal adipose tissue of mice. 
Interestingly, although sheep and mice digest fat in a vastly 
different manner owing to differences in their digestive sys-
tems, it appears that miRNA associated with adipogenesis 
can be altered by dietary FA in both species (Dodson et al., 
2010; Taniguchi et al., 2008b). The results are in agreement 
Table 3. Functional analysis of gene targets involved in lipid metabolism and adipogenesis
Category Function Pathways1 P-value Predicted gene targets involved
Lipid metabolism Internalization Internalization 
of FA
3.09 × 10–3 ACSL1 and SLC6A1
Internalization of 
DHA
2.14 × 10–2 ACSL1
Movement Efflux of LC-FA 1.08 × 10–2 ACSL1
Movement of lipid 5.13 × 10–3 ABCA1, ABCG4, and NPC1
Metabolism Metabolism of 
phospholipid
5.44 × 10–3 ABHD5, ACSL6, DGKE, DRD1, IGF1, KIT, LRAT, MTMR2, 
PIK3C2α, PIK3Cδ, PLA2G16, PTEN, RHOA, RHOQ, SH3KBP1, 
SLC6A6, and SYNJ1
Metabolism of 
phosphoinositide
1.27 × 10–3 IGF1, KIT, MTMR2, PIK3C2α, PIK3Cδ, PTEN, RHOA, RHOQ, 
and SH3KBP1
Synthesis Synthesis of 
phosphoinositide
3.10 × 10–3 IGF1, KIT, MTMR2, PIK3C2α, PIK3Cδ, RHOA, RHOQ, and 
SH3KBP1
Regulation Regulation of 
phosphoinositide
7.75 × 10–4 MTMR2, PIKFYVE, and PTEN
Hydroxylation Hydroxylation of 
DHA
1.04 × 10–2 CYP2U1
Connective tissue 
development and function
Differentiation Differentiation of 
adipocytes
1.14 × 10–2 ARL4A, ADRB1, ARID5B, BMP2, CCND1, C/EBPα, CREB1, 
CREB5, CTBP2, EBF1, FBXW7, FN1, FNDC3B, FOXO1, FRZB, 
GLIS3, GSK3B, HMGA2, IRS1, JDP2, LIF, LRP6, MAP3K12, 
MAPK9, METTL8, PIK3R1, PLCB1, PPARα, PPARδ, PRDM16, 
SLC25A27, SLC2A4, SMAD6, SMAD7, SOCS7, TBL1X, TGFB1I1, 
TIMP3, and WWTR1
Adipogenesis Adipogenesis 1.80 × 10–4 BMP2, BMPR2, CCND1, CREB1, E2F1, E2F3, KLF6, LIF, 
NR4A2, NR4A3, OSM, PDE3B, PLA2G6, PPARα, PPARδ, 
TGFB1I1, and ZBTB7A
Quantity Quantity of 
adipose tissue
2.87 × 10–3 ADAM12, ADRB1, ARID5B, ANGPTL2, C/EBPα, CUX1, DUSP1, 
EBF1, E2F1, GHR, KL, KLF3, MTOR, PIP5K1α, PPARα, 
PPARGC1α, PPARGC1β, PRKCE, RAE1, RASGRF1, SIM1, 
SLC12A2, STARD13, and TRIM63
1LC-FA = long chain fatty acids; DHA = docosahexaenoic acid.
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with previous reports (Jin et al., 2010; Romao et al., 2012), 
which examined a wide range of miRNA associated with 
adipogenesis, indicating that diet has a significant influence 
on the molecular regulation of adipogenesis, regardless of 
how closely related the species are. However, to date, the 
regulation of miRNA expression remains unknown; future 
studies on regulation of miRNA expression are necessary 
to elucidate the effect of diet on miRNA expression.
Similarly, although miRNA may be conserved 
across species, there is considerable variation in their 
expression patterns. This variation may result from ge-
netic or physiological differences as well as environ-
mental factors such as differences in diet. For instance, 
miR-103 was selected as our endogenous control due to 
its stable expression across both diet and adipose depot 
in lambs. Similarly, Parra et al. (2010) reported addition 
of dietary CLA did not affect miR-103 expression in 
retroperitoneal adipose tissue of mice, yet Romao et al. 
(2012) reported an upregulation of miR-103 in SAT and 
PAT of cattle fed a high fat diet. Comparatively, inclu-
sion of DHA-G in the diet of lambs downregulated the 
expression of miR-92a in SAT, yet in steers fed a high 
fat diet expression of miR-92a was upregulated in SAT 
(Romao et al., 2012), indicating the divergent regulatory 
mechanisms of adipogenesis among species despite the 
conservation of specific miRNA.
To date, the molecular mechanisms of ovine adipo-
genesis in different adipose depots have not been defined. 
Results of the current study suggest that differences in 
expression patterns across adipose depots were more 
prominent than relatively minor changes in diet compo-
sition. miRNA have been reported to be tissue specific 
in other species, including pigs (Hishikawa et al., 2005), 
mice (Gao et al., 2011; Lagos-Quintana et al., 2002), and 
humans (Liang et al., 2007), indicating the complex role 
that these regulators play in differentiating metabolism 
among tissues. Expression of miR-101 and miR-16b 
were upregulated in PAT compared to SAT, yet miR-2454 
was downregulated 16.8- and 9.0-fold in lambs fed con-
trol and DHA-G diets, respectively. miR-2368* expres-
sion was upregulated in SAT when lambs were fed the 
control diet, but when they were fed DHA-G, expression 
of miR-2368* was downregulated 7.9-fold. Previously, 
Table 4. Significant correlations between predicted 
target genes and differentially expressed microRNA in 
lambs fed either the control or DHA-Gold diet in subcu-
taneous and visceral adipose tissues
 0% DHA-G 3% DHA-G
ACSL1 C/EPBα PPARα ACSL1 C/EPBα PPARα
miR-101 –0.602 *
miR-136 –0.545 * –0.784 **–0.961 **–0.954 **
miR-487b
miR-376d –0.932 **–0.995 **–1.000 **
miR-106 0.705 * –0.753 **–0.926 **–0.933 **
miR-142-5p –0.769 ** 0.644 ** 0.577 *
*P < 0.05; **P < 0.001.
Figure 2. Gene expression by quantitative real-time-polymerase chain 
reaction. Expression levels of a) ASCL1, b) C/EPBα, and c) PPARα are pre-
sented for the following treatments on the horizontal axis: control diet/subcu-
taneous adipose tissue (C/SAT), DHA-Gold diet/subcutaneous adipose tissue 
(DHA-Gold/SAT), control diet/visceral fat (C/PAT), and DHA-Gold diet/vis-
ceral adipose tissue(DHA-Gold/PAT). a–dColumns with different letters differ 
significantly (P ≤ 0.05). Data are presented as mean ± SD. ΔCq = change in 
quantification cycle.
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miR-2454 and miR-2368* were considered to be specific 
to bovines (Glazov et al., 2009); however, their identifi-
cation and quantification in the ovine suggests that they 
may be conserved across ruminants. Although their func-
tion remains unknown, they may play a role in regulat-
ing mRNA targets associated with PPARα, which plays a 
critical role in the regulation of lipid metabolism includ-
ing β-oxidation of FA and energy homeostasis (Bernardes 
et al., 2013; Flachs et al., 2009).
The 6 miRNA selected for functional analysis (miR-
142-50, miR-487b, miR-101, miR-106, miR-136, and 
miR-378) had at least 1 target gene predicted to have a 
role in adipogenesis. The processes in which the predicted 
target genes were involved ranged from differentiation of 
adipocytes to the regulation of the quantity of adipose tis-
sue (Table 3). However, due to the small size of miRNA 
(19–24 nt) and their requirement for sequence comple-
mentarity with only bases 2 through 8 from the 5′ end, 
known as the miRNA seed, accurate prediction of miRNA 
gene targets is difficult and may identify hundreds of pos-
sible targets for 1 miRNA (He and Hannon, 2004; Lewis 
et al., 2003; Saito and Sætrom, 2010). In the current study, 
prediction of gene targets was based primarily on known 
bovine sequences as very few ovine sequences have been 
described. Quantification of the ACSL1, C/EBPα, and 
PPARα genes in both bovine and ovine adipose tissues 
indicates that perhaps these genes play a role in the regu-
lation of adipogenesis in ruminants, although their func-
tions may differ between adipose depots. Supplementing 
DHA-G downregulated the expression of PPARα in SAT 
but resulted in upregulation in PAT (Fig. 2). The expres-
sion of PPARα was negatively correlated with miR-101, 
miR-136, miR-106, and miR-376d in SAT of lambs fed 
DHA-G, suggesting that these miRNA may play a role 
in the regulation of adipogenesis by targeting PPARα in 
ovines when long chain n-3 FA are included in the diet. It 
is possible that the influence of diet on both miRNA and 
gene expression contributed to the variation among adi-
pose depots, as variations in miRNA expression caused 
by dietary differences may further contribute to changes 
in gene expression. Similarly, as miRNA play different 
roles in each adipose tissue, it is possible that the effect of 
diet on their expression influenced their role in the regula-
tion of adipogenic genes. Others have reported the supple-
mentation of fish oil, high in eicosapentaenoic acid (EPA)
and DHA, activates PPARα in abdominal adipose tissue 
depots of mice (Nakatani et al., 2003). Similarly, Flachs 
et al. (2009) replaced 9% of dietary lipids with DHA and 
reported a reduction in fat accumulation in adult mice. 
These authors attributed this to regulation of transcription 
factors from the PPAR and C/EPB families.
A similar downregulation of C/EBPα, another tran-
scription factor involved in the regulation of adipogen-
esis (Joseph et al., 2010; Lefterova and Lazar, 2009), 
was observed in SAT of lambs fed DHA-G. Like PPARα, 
C/EBPα was also negatively correlated with miR-136, 
miR-106, and miR-376d, indicating these miRNA may 
play an important role in the regulation of adipogenic 
gene expression in ovines, although further studies 
need to be undertaken to determine the specific roles 
these miRNA may play in adipogenic gene regulation 
and the extent to which this may alter gene function-
ality. Although C/EBPα is known to regulate adipocyte 
differentiation in mice (Wang et al., 1995) and swine 
(Hausman, 2000), its expression has not been detected 
in bovine adipocytes (Taniguchi et al., 2008a) nor was 
it expressed in in vitro studies on the differentiation of 
preadipocytes derived from bovine bone marrow (Tan et 
al., 2006). This indicates that the transcriptional regula-
tion of genes involved in adipogenesis in ovine may be 
more similar to that of mice than that of bovine.
The ACSL1 gene esterifies long chain FA (C:14–C:22) 
under the regulation of PPARα and PPARγ (Coleman 
et al., 2002; Lobo et al., 2009; Rubinow et al., 2013). 
Functionally, ACSL1 has been implicated in pathways of 
neutral lipid synthesis as well as in both mitochondrial in 
the heart and peroxisomal β-oxidation in the liver and adi-
pose tissue (Coleman et al., 2002; Nakakuki et al., 2013). 
Supplementation of DHA-G downregulated ACSL1 ex-
pression in both SAT and PAT; however, no correlation 
was observed between miR-142-5p and ASCL1, despite 
a significant downregulation of miR-142-5p in both sub-
cutaneous and visceral fat when DHA-G was included 
in the diet. ASCL1 was, however, negatively correlated 
with miR-136 in SAT of all lambs and with miR-376d 
and miR-106in the SAT from lambs fed DHA-G. This 
together with the lack of correlation of C/EBPα with its 
proposed regulator, miR-101 in lambs, suggests that there 
may be some divergence in regulatory mechanisms of 
adipogenesis between bovines and ovines.
Conclusion
The results of our study support our initial hypothesis 
that specific miRNA in adipose tissue from lambs can be 
manipulated by altering the FA composition of the diet. 
It is apparent that miRNA considered to be involved in 
the process of adipogenesis in bovine are also present in 
ovine and appear to play a role in this biological process, 
but the specific miRNA by which adipogenic genes are 
regulated may differ between these 2 species.
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